We report the first theoretical model for the alkali fluids which yields a liquid-vapor phase coexistence with the experimentally observed features and electrical conductivity estimates which are also in accord with observations.
Until recently little has been known regarding metal-atom fluids near the high temperatures and pressures characteristic of their liquid-vapor critical points. However, such knowledge is not only of considerable scientific interest but is also required for potential technological applications near those conditions. The electronic and thermodynamic properties of such fluids are intimately related and knowledge of these properties is essential in determining the right material for a given application. Such considerations have motivated experimental studies of those materials with the lowest critical temperatures: Hg (1751 K), Cs (1924 K), and Rb (2017 K) [1] , with data on K (2178 K) now being available [2] . The data have become precise and reliable in the last decade and span thermodynamic and electrical measurements under the same conditions. Such data show that the liquid-vapor coexistence curve of metal-atom fluids are different from those of Lennard-Jones-like ones [2, 3] . For example, the liquid and vapor branches of the coexistence curves are strongly asymmetric and the rectilinear diameter law breaks down over a large temperature range, not only very close to the critical points. These materials also undergo a metal-nonmetal (M-nM) transition.
This body of data, however, still seeks microscopic theoretical foundations [4] . This paper presents a simple model which appears to contain the basic ideas required to reproduce, in a unified manner, the peculiar characteristics observed in the alkali fluids.
The goal of the present work -understanding the structural, thermodynamic, and electronic properties of metal-atom fluids -poses a considerable scientific challenge. Its various aspects are coupled since it is the electrons which determine interatomic interactions and thus the structure and thermodynamic data. The ionic structure, in turn, determines the electronic properties. In the study of metal-atom fluids it is difficult to impose a structure, since it is so intimately related to electronic effects and there is no long-range symmetry to simplify the problem. Also, because in such materials the interactions are not pairwise ones for intermediate densities, due to electron delocalization over some regions, the problem is more complicated than that for fluids in which the interactions are not state dependent.
Similarly, as these materials also undergo a M-nM transition, the traditional techniques used to study free-electron-like fluids are not applicable over many of the conditions of interest.
2
The microscopic theory required for these materials should seek to explain the essential interdependence of thermodynamic, structural, and electronic properties. Previous theoretical efforts to comprehensively explain the available experimental data on metal-atom fluids have been sparse. The points of view taken were usually based on the limiting cases of either a metallic dense liquid or solid, or alternatively of a nonmetallic dilute vapor. Attempts were then made to describe the fluid, or some of its properties, in a limited density and temperature range [5] [6] [7] . General arguments based on electron correlation effects (Hubbard model) and/or disorder induced localization (Anderson model) [8] are useful to study the M-nM transition in systems with frozen ionic structure but probably not in metal-atom fluids.
A first step towards a comprehensive theoretical treatment attempted the extension of concepts and techniques of plasma physics to treat both liquid and vapor phases, and then tried to introduce the required neutral atoms and small clusters [9] . We also proposed such an approach [10, 11] and showed that a toy model gives a liquid-vapor coexistence and a critical point with some correct features, but we were far from reproducing the peculiar coexistence curve of alkali fluids. In recent work [12] , we followed this approach including a quantitatively good description of the plasma: a standard description of liquid metals near their triple point [13] . Extension of this treatment to high temperature and low density gave a plasma liquid-vapor coexistence with a very high critical temperature (around four times the experimental value) and a very different shape for the coexistence curve than that observed. We then extended the model to allow for chemical coexistence of neutral atoms with the plasma. Virial ion-atom interactions were used, instead of their neglect as in the previous toy model. However, reasonable values of the parameters did not improve the previous plasma results. We have concluded that a mean-field theory is not capable of reproducing the structure or phase diagram of the alkali fluids [12] .
An unanswered question, in the above approach, is: why do some fraction of the valence electrons choose to be bound in atoms while others are delocalized, at fixed temperature and density? The answer must lie in a hitherto ignored underlying structure. An important clue is that clustering effects are strongly enhanced for metal-atom systems, compared to nonmetallic ones, due to their high cohesion which arises from the valence electron delocalization over the cluster. In contrast, to retain its valence electron an atom should have no near neighbors to which that electron can be favorably delocalized. We present here a simple lattice gas model which includes such considerations and yields results showing the observed peculiarities of the alkali fluids.
In our model, we allow the ions to partially occupy the sites of a body centered cubic (bcc) lattice, which has the same maximum number of nearest neighbors as do real metals.
The lattice parameter is determined by the condition that the maximum density ρ 0 be equal to that of the liquid metal at its triple point. The energy, in a mean-field treatment of the model, is obtained from the energy per ion u(ρ) in a normal treatment for a liquid metal with mean density ρ [13]. That is, using a jellium reference system for the delocalized valence electrons yields kinetic, exchange, and correlation energy contributions, and a linear response function. Also, a hard-sphere reference for the ions gives a pair distribution function. Finally, a pseudopotential is associated with the ions (Ashcroft, empty core, fitted to the liquid metal conductivity at the melting point) and the screened ion-electron and ionion interactions (minus reference system effects) are treated by perturbation theory. This is a Gibbs-Bogoliubov variational approximation. The electronic effects are treated at zero temperature since no appreciable changes result from including the temperature effects in the kinetic and exchange energies. The results with the mean-field lattice model (Table I) are very close to those of the previous, continuous, plasma model [12] .
The crucial point, however, is to calculate the energy of the system taking into account the strong inhomogeneities due to clustering. We now propose to get the energy per ion using the mean-field energy u(ρ) which is to be evaluated at a local average densityρ.
This density takes into account the ion and its environment, through the occupation of its nearest-neighbor lattice sites. Thus,ρ = (n + 1)ρ 0 /9 and n is the number of occupied nearest-neighbor sites; it takes values from 0 to 8. For ions without any nearest neighbors (n = 0), this energy, calculated as in a plasma, is compared with that of a free atom ( i.e. minus the ionization energy ) and in a variational spirit the lower value is chosen. Although the energy difference is small, the atomic state is lower for all the alkalis. This approach thus includes the structurally-based possibility of valence electron localization, to form atoms, or some degree of delocalization. For cesium we take ρ 0 = 1.84 g/cm 3 and obtain the following energies per ion (in eV): TABLES   TABLE I . Comparison of the calculated critical conditions, using lattice gas mean-field and the present theory, with the experimental results of ref. [2] and [3] . The temperature T is in Kelvin, the pressure P in bar, and the density ρ in g cm −3 . 
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